Introduction
A generic framework for studying macro-segregation in various casting processes has been developed using a computational fluid dynamics (CFD) code by solving for the temperature, flow and solute balance in multi-component alloy systems. The relevant literature work on the microand macro-segregation was reviewed in detail for this work. A good reference book that describes most of the key aspects of modeling of macro-mass transport in the context of casting solidification was written by Stefanescu. 1) Several numerical macro-segregation models have been proposed in the literature. [2] [3] [4] [5] [6] [7] [8] [9] The models in reference 8, 9) can be applied to the multi-component systems. The majority of these models were entirely validated only for binary alloys and they do not take into account all of the transport phenomena at both micro-and macro-level that can take place during ingot casting. The macro-segregation models developed by Chang and Stefanescu 6) can directly be reduced to the local solute redistribution equation when the assumptions made by Flemings and Nereo 10) are used. In addition, under the assumption of equal solid and liquid density, the model reduces to Scheil or Gulliver-Scheil equation. 11, 12) 
Experimental Procedure
Two laboratory size ingots of alloy 718 were cast at Carpenter.
13) The first ingot was cast in a cast iron mold 150 mm in diameter, and 1 200 mm long. The second ingot was cast in the same mold, with the exception, that it was lined with a 12.5 mm soft insulation, and thus the ingot diameter was 125 mm. The chemistry is shown in Table 1 . Also, during the trial, the mold was instrumented with type K thermocouples, about 12.5 mm from the inside surface of the mold at various locations along the height to measure the temperature as the ingot cooled. Minimizing macro-segregation during static casting of segregation prone alloys has always been a challenge. Over the years, alloy manufacturers have optimized the processing techniques for these alloys by balancing the total heat input of a casting and the rate of heat extraction from the casting surface. In this study, a computational fluid dynamics (CFD) code was used to develop a generic framework for studying macrosegregation and shrinkage in various casting processes. The code developed the framework by solving for the solid fraction evolution, micro-scale characteristics, temperature, flow and solute balance in multi-component alloy systems.
Experiments were previously designed to measure solidification parameters using micro-probe compositional analysis. The thermo-physical properties of alloy 718 that were used in the simulations strongly depend on temperature. The partition coefficients of Nb, Ti, Al, and Mo in alloy 718 are also a strong function of temperature. They were determined based on quenching experiments during solidification of alloy 718.
The model predictions were validated against measured macro-shrinkage and shrinkage porosities and against macro-segregation measured from pieces cut from both laboratory scale and industrials scale castings. A special segregation index was developed and then applied to properly assess the influence of material and process parameters on macro-segregation. The effect of Nb content and processing parameters such as super-heat, mold taper, mold type, and mold diameter on macro-segregation was also studied.
Additional validation of the segregation model was performed using the literature analytical solution and experiments. Additional experimental validation of the model for prediction of macro-shrinkage and shrinkage porosities was performed using A356 plates cast in furan-silica sand molds.
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molten metal was nearly 100°C. The cast ingots were then sectioned, and macro-etched, as shown in Fig. 1 . The top 200 mm pipe shrinkage sections of both ingots were cut-off and they are not shown in Fig. 1 . After that, the plates were further cut into smaller pieces, and the as cast structure was characterized. Micro-segregation was measured from samples taken from the center of the ingot at mid-height using a micro-probe, with a spot size of about 1 mm. Macro-segregation was measured in a 5 mmϫ5 mm area using an EDXA detector attached to a SEM. In order to obtain additional information on solute partitioning during solidification, quenching experiments were performed. During these tests, samples nearly 25 mmϫ12 mmϫ6 mm were heated to different temperatures within the mushy zone, equalized for about 1 h and immediately water quenched. The pieces were then sectioned, etched and analyzed using a microprobe to determine solute partitioning across the solid-liquid interface.
Model Description
A comprehensive analysis tool capable to model macrosegregation during ingot casting and solidification of multicomponent alloys was developed and implemented into a CFD code. The viscous standard k-e with standard wall functions, species transport and modified Scheil-based solidification models were used. The Scheil micro-segregation equation was modified to account for diffusion in the solid phase (e.g., back-diffusion) in a multi-component "open" system based on the microstructure characteristics of the alloy under consideration and the cooling conditions (see Ref. 14) , pp. 87-92 and Refs. [15] [16] [17] ). Thus, a generic framework for studying macro-segregation in various casting processes was developed by solving in a fully coupled mode for the temperature, flow and solute balance in the system. Special flux boundary conditions as a function of time were determined using experimental temperature data for a 150 mm diameter Vacuum Induction Melting (VIM) ingot. All thermo-physical properties and solidification parameters of alloy 718 used in the simulations are functions of temperature. A Rayleigh criterion is developed to clearly show the tendency for freckling of alloy 718 in VIM cast ingots. The model was validated using the numerical results done by Prescott and Incropera. 18) Beckermann and Viskanta 19) and Rappaz and Voller. 20) Additional validation of the segregation model was performed using the analytical solution and the experiments in Refs. 21, 22) . Additional experimental validation of the model for prediction of macro-shrinkage and micro-shrinkage (e.g., shrinkage porosities) is shown in Appendix for A356 plates cast in furan-silica sand molds at ExOne/Prometal RCT. 23, 24) 
Experimental Results
The heat flux at the metal-mold interface was determined based on the temperature measurements in a 150 mm diameter cast iron mold. These temperature measurements are shown in Ref. 13) . The heat flux is high prior to the gap formation, and then decays after that. The macro-structure of the two ingots is shown in Fig. 1 . It can be observed from Fig. 1 that the shrinkage and grain morphology as well as the primary dendrite arm spacing are significantly different in the two studied cases. The columnar-toequiaxed transition (CET) occurs near the mid-radius for both these ingots. The secondary dendrite arm spacing was about 45 mm at the center of the ingot cast without insulation and nearly double in the ingot cast with insulation. A representative plot of the measured micro-segregation along a primary dendrite is shown in Fig. 2 . As expected, there is significant variation of Nb and Ti in the dendrite cores and the inter-dendritic region. The data are normalized with respect to the bulk composition. The partition coefficients based on these measured data are shown in Table 2 .
The measured Nb composition based on the quenching trials is shown in Fig. 3 . At temperatures close to the solidus, the composition in the solid is closer to the bulk composition. As the temperature increases, Nb partitions to the liquid and the solid composition decreases. The variations of the partition coefficients for Nb, Al, Ti, and Mo with temperature are presented in Fig. 4 . The partition coefficients were determined from the quenching trials. 13 ) Figure 4 shows that partition coefficients of Nb and Ti vary significantly during solidification, while the partition coefficients for Mo and Al vary slowly during solidification, under similar cooling conditions. The macro-segregation profile for Nb was experimentally determined (see Fig. 6(a) and Ref. 13) ). Typically, the highest macro-segregation tendency is near the ingot mid-radius © 2010 ISIJ and at the centerline. The columnar-to-equiaxed transition (CET) occurs near the ingot mid-radius for both ingots presented in Fig. 1 . This may help explain the possible reason for the highest level of macro-segregation near the CET area. Other effects such as fluid flow and cooling conditions are affecting the macro-segregation as well. Freckling was observed near the ingot center for the cast iron mold case, hence Nb was slightly depleted near the ingot center ( Fig.  6(a) ).
Simulation Results
The predictions for Nb segregation profiles in a 150 mm diameter VIM ingot are presented in Figs. 5 and 6 . The partition coefficients used in the simulations are strong functions of temperature (see Fig. 4 ). The back-diffusion correction term for Scheil micro-segregation equation is based on the SDAS and assumes an open system. The predictions are reasonable when compared with the experimental measurements shown in Fig. 6 , especially for those in Fig. 6(a) . Shrinkage and formation of freckles and secondary phases (Laves, carbides and porosities) may slightly affect the simulation results. Figure 7 shows the macro-and microshrinkage predictions in both 150 mm ingots presented in Fig. 1 . The predictions compare favorably with the experimental data. For alloy 718 and the VIM practice in Ref.
© 2010 ISIJ Table 2 . Calculated partition coefficients based on the measurements shown in Fig. 2.   Fig. 3 . Measured Nb composition as a function of temperature in the solid phase using quenching experiments. 1 and 7 it can be observed that higher levels shrinkage and porosities were formed in the insulated case.
Parametric Study
The validated model was used to perform a parametric study to determine the effects of mold shape, thickness, mold material on the formation of macro-segregation, pipe shrinkage, and porosities. Studied variables were: ingot diameter and taper, sleeve length, hot top vs. radiation, and alloy type (Nb content). Figure 8 shows qualitatively the effects of the ingot size (varying from laboratory scale size to full size commercial ingots) and mold type (e.g., cast iron, partially insulated sand full insulation).
For the ingot diameter of 150 mm case study the main findings are as follows: (i) for sleeve and cast iron cases, both segregation intensity and shrinkage length increase and porosity length decreases with ingot diameter; (ii) for full insulation case, both segregation intensity and porosity length increase and shrinkage length decreases with ingot diameter and (iii) sleeve length and use of hot top vs. radiation are important factors. For the ingot diameter of 300 mm case study the main findings are: (i) a small-size insulation sleeve with hot top material show lowest predicted levels for both segregation and shrinkage and (ii) without hot top (e.g., radiation), a larger insulation sleeve is required.
Concluding Remarks and Future Work
A numerical modeling approach for predicting macrosegregation in casting was developed and implemented into a CFD code. Shrinkage and porosities were predicted as well. A validation was performed using experimental measurements for 150 mm diameter laboratory scale VIM ingots at Cartech. The model was also validated against experiments developed at ExOne/Prometal RCT. Predictions are compared reasonably with macro-segregation, macroshrinkage and porosity measurements. It was also demonstrated that Niyama criterion correlates reasonable well with pore percent.
The validated model was used to perform a parametric study to determine the effects of mold shape, thickness, mold material, etc., on the formation of macro-segregation, pipe shrinkage, and shrinkage porosities.
A Rayleigh criterion will be developed and then applied to predict the tendency for freckling of alloy 718 in VIM processing. Conceptual mold designs to minimize macrosegregation and pipe shrinkage using this modeling technology in conjunction with active heating and passive cooling will be developed and implemented at Carpenter.
The CFD model will be further modified to account for the CET. 22, 25, 26) Mold filling and pipe shrinkage formation will be fully coupled with the segregation model as well. Figure 9 shows some initial results for modeling of macroshrinkage using a multi-phase VOF-implicit model. The macro-shrinkage model is fully coupled with the segregation model. The overall multi-scale modeling methodology is shown in Fig. 10 . 14) Certainly, all length scales must eventually be coupled to accurately predict the material properties and as well as the specific product performance during exploitation.
Appendix. Experimental Validation for Macro-shrinkage and Shrinkage Porosities in A356 Plate Castings
The predictions and experimental calibration of the macro-shrinkage and micro-shrinkage (e.g., shrinkage porosities) in A356 castings are illustrated in Figs. A1-A6 below.
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